Here we show that the type III secretion gatekeeper protein SepL resembles an aberrant effector protein in binding to a class 1 type III secretion chaperone (Orf12, here renamed CesL). We also show that short N-terminal fragments (<70 amino acids) from SepL are capable of targeting fusion proteins for secretion and translocation.
Strains of enterohemorrhagic and enteropathogenic Escherichia coli (EPEC) exploit a type III secretion system (T3SS) encoded by the locus for enterocyte effacement (LEE) to mediate interactions with intestinal cells (10, 24) . Two chaperones that bind effectors (type I chaperones) have been identified within this system: CesT and CesF (7, 8) . Gene expression within this system is dependent on the transcriptional activator Ler (9) . The activity of Ler is modulated by, among other things, a poorly characterized 117-amino-acid LEE-encoded protein known as Orf12, ST22, or Mpc (27) . The specificity of protein secretion with the LEE-encoded system depends on the protein SepL and its partner, SepD (6, 16, 20) . The prevailing hypothesis is that these proteins initially engage with the secretion apparatus to form a gate permissive to translocator export but hindering effector secretion and that this gate opens when bacteria interact with host cells (5, 6) .
Sequence analyses have shown that SepL is a member of the YopN-TyeA family of proteins (21, 22) . Some other members of this family resemble aberrant effectors in that they bind to class 1 chaperones (22, 26) , undergo secretion and translocation, or produce effects within eukaryotic cells (1, 4, 12, 13, 15, 18) . This led us to suspect that SepL might also bind to one or more class 1 chaperones and might also carry a secretion signal. We looked for homologues of the YopN chaperone, SycN, using PSI-BLAST to search the nonredundant protein database. By the third iteration, a significant hit to EsaM from Edwardsiella tarda (expect value, 3e-21; 22% identity over 117 residues), which is a homologue of SsaM from the Salmonella pathogenicity island 2 (Spi-2) system, was reported. A subsequent PSI-BLAST search with EsaM returned, within three iterations, significant hits (expect value, Ͻ4e-21; 17% identity over 117 residues) to Orf12. Although PSI-BLAST searcheswith Orf12 failed to return significant hits to SycN (29) . A PSI-BLAST search with SpiC found unequivocal homologues in all the Esc-Ssa T3SSs and returned a hit to SepD within 5 iterations, albeit with unimpressive statistics (E value, 6.8; 13% identity; 13% over 111 residues). A multiple alignment of SepD with SpiC and its homologues highlighted several conserved patches of sequence (Fig. 2) . On the basis of the sequence analyses, we concluded that SepD is almost certainly a homologue of SpiC and that the triplet of proteins CesL, SepL, and SepD is homologous to the SsaM/ SsaL/SpiC complex from the Spi-2 system (29).
To confirm our prediction that CesL interacts with the SepD/SepL complex, triple-Flag-tagged CesL was expressed under LEE-inducing conditions in enterohemorrhagic E. coli (Tables 1 and 2 ) and then subjected to rapid immunoaffinity pulldown, using an established protocol (17, 28) . Seven protein bands were visualized with Coomassie staining after polyacrylamide gel electrophoresis (Fig. 3) . Peptide mass fingerprinting of gel slices assigned protein identities with significant P values to the bands as follows: band 1, AceE and Ler; band 2, DnaK; band 3, GroEL; band 4, SepL; band 5, SepL; band 6, 50S ribosomal protein L1; and band 7, Ler, CesL, and SepD. This analysis confirmed that a complex containing SepL and SepD could be pulled down by CesL. In addition, this assay confirmed the known interaction between CesL and Ler (27) .
In otherwise identical pulldown experiments in which the Flag-tagged bait protein was Ler, the only T3SS-associated protein identified by Fourier transform ion cyclotron resonance (FT-ICR) analysis of bands visible with Coomassie staining was Ler itself, which, as in the CesL pulldown assay (Fig. 3) , appeared to form high-molecular-weight sodium dodecyl sulfate (SDS)-resistant mulitmeric complexes (see the figure in the supplemental material). This excludes the possibility that SepL and SepD interact nonspecifically with the Flag tag or with the antibody to it.
The fact that the chaperone CesL can bind to Ler, as well as to SepD/SepL, suggests that this protein interaction network might couple protein secretion to regulation of gene expression in the LEE-encoded system, mirroring similar regulatory networks seen in other type III secretion systems (2) .
One of the hallmarks of type III secretion chaperones is that they enhance stability and/or prevent aggregation of their substrates within the E. coli cytoplasm (11, 23) . The difficulties of creating a nonpolar cesL mutant have already been documented (27) . Therefore, rather than rely on a mutagenesis strategy, various combinations of His-tagged and untagged proteins from the potential CesL/SepD/SepL complex were expressed in a laboratory strain of E. coli (Table 1) and purified by Ni-nitrilotriacetic acid (NTA) affinity chromatography. Cells were grown in LB buffer with appropriate antibiotics to an optical density at 600 nm (OD 600 ) of 0.6 and induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at 20°C for Fractions were pooled and concentrated to 16 mg ml Ϫ1 , using Millipore Ultra-15 centrifugal filtration devices with a cutoff of 10 kDa, and stored at 4°C.
Of the combinations tried, only His-tagged SepL alone, Histagged SepL/untagged SepD, and His-tagged CesL/untagged SepD/untagged SepL produced soluble protein complexes (Fig. 4) . The protein samples were further purified using an additional round of size exclusion chromatography and were subjected to multiangle light scattering (MALS) to assess the stoichiometry of the complexes. This round of size exclusion chromatography was performed on a Superdex 200 10/300 column (GE Healthcare) equilibrated in 25 mM Tris-HCl [pH 7.5]-150 mM NaCl at 0.4 ml/min. The column was followed in-line by a Dawn Heleos II light-scattering detector (Wyatt Technologies) and an Optilab Rex refractive index monitor (Wyatt Technologies). Molecular mass calculations were performed using ASTRA 5.3.4.14 (Wyatt Technologies), assuming a refractive index increment (dn/dc value) of 0.186 ml/g. SepD/SepL demonstrated concentration-dependent aggregation, which manifested as a shift in the elution position off the column toward a higher molecular weight, coupled to an increased calculated mass at the center of the elution peak (Fig. 4) . Calculated molecular weight values ranged from 71 at 0.5 mg/ml to 105 at 16 mg/ml. Two representative traces are shown in Fig. 5 . The CesL/SepD/SepL complex, on the other hand, consistently eluted at the same point regardless of concentration, and the calculated molecular weight values ranged from 73 at 0.75 mg/ml to 76 at 12 mg/ml. These are within the experimental error of the technique and are in good agreement with the calculated mass of a 1:1:1 complex (15.5 kDa ϩ 17 kDa ϩ 42 kDa).
These results suggest that the heterotrimeric CesL/SepD/ SepL complex resembles the SycN/YscB/YopN complex, although it remains uncertain whether SepD is a homologue of YscB (an assignment supported by the conserved position of the sepD and yscB genes, adjacent to escC and yscC, respectively); only structural studies will resolve this issue.
Next, we investigated whether SepL carried an N-terminal secretion signal by creating a series of constructs (Tables 1 and  2 (Fig. 6a) . Immunoblots of whole-cell lysates revealed equal expression of TEM fusion proteins in the different EPEC strains (Fig. 6b) . Translocation assays showed that the three shorter fusions were translocated into HeLa cells, although the efficiency of translocation declined with length. No translocation could be detected for the three longer fusions (Fig. 6c) . Our favored interpretation of these results is that the central and C-terminal portions of SepL hinder the protein's secretion and translocation under nonpermissive conditions and have to undergo a conformational change before secretion can occur and that this conformational change is disrupted by large C-terminal fusions. However, further experiments are required to establish the physiological significance of SepL's Nterminal secretion signal.
In conclusion, we established that SepL, like several of its homologues, resembles a T3SS effector in carrying secretion signals and binding to a class 1 chaperone, and we identified a novel protein interaction network linking a regulator of protein secretion (SepL) to a regulator of gene expression (Ler). 
